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ABSTRACT
Liquid crystal spatial phase modulator plays an important role in laser beam steering, wavefront shaping and correction, optical communication, optical computation and holography. One
fundamental limitation lays in the response time of liquid crystal reorientation. To achieve fast
response time, polymer-network liquid crystals are therefore proposed. By incorporating polymer
network in a liquid crystal host, the response time can be reduced by a factor of 100. However, the
polymer network introduces hysteresis, light scattering, and high voltage.
The motivation for a fast-response liquid crystal phase modulator will be discussed in the
first chapter. In the second chapter, we introduce our discovery that by modifying the polymer
network structure with C12A, the hysteresis from the network can be eliminated, while keeping
response time at the same order. In the third chapter, we introduce a new route toward fast response
time. Instead of randomly generated network, we propose to utilize two-photon-polymerization
method to create well-defined polymer scaffold. By introducing polymer scaffold, we
demonstrated a 7-fold faster response in comparison with traditional phase modulators, while
hysteresis, scattering, and high driving voltage are all eliminated.
In the fourth chapter, we introduce phase modulation based on Pancharatnam-Berry (PB)
phase principle. In this type of phase modulation, the defect at 2π phase reset in conventional phase
modulators can be avoided. Therefore, a higher optical quality can be achieved, making them
suitable for display and imaging applications. We demonstrated a fast PB lens with response time
less than 1 ms, and using which we realized the first PB lens-based additive light field display to
generate true (monocular) 3D content with computationally rendered images. In chapter five, we
demonstrate the resolution enhancement based on pixel-shifting of fast PB gratings. By
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synchronizing display content with shifting pixels, we demonstrated ~2x enhanced resolution and
significantly reduced screen-door artifact.
In chapter six, we report our discovery of reflective polarization volume gratings (PVGs)
based on self-organized liquid crystal helix. We achieved a large deflection angle (>50° in glass),
high diffraction efficiency (>95%), and unique polarization selectivity (distinction ratio > 100:1).
A system integrating PB optical elements is described in chapter seven.
Finally, we will summarize our major accomplishments in chapter eight.
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CHAPTER ONE: INTRODUCTION
Phase is one of the critical properties of light. By controlling phase, the propagation
behavior can be controlled. If a phase difference is introduced between the orthogonal component
of the electric field (e.g., TE and TM), the polarization of the light can be modulated. Upon the
application of a polarizer, the change in polarization state manifests as a modulation of intensity.
All these aspects are of critical importance and has widespread applications.
In traditional optics, the modulation of phase is achieved with the physical shape of the
surface of two different homogeneous, isotropic media. A spherically shaped media can provide a
spherical phase resulting in focusing or diverging light, while a wedged media can provide a linear
phase resulting in deflection of the light. As such, one can easily generate arbitrary phase profile
given the ability to shape an object.
For a media with no physical profile (i.e., a flat plate), the phase change can be obtained
with modulation in the spatial distribution of the refractive index. In this case, the media is no
longer homogeneous.
The phase modulation of a liquid crystal (LC) device [1–7] is based on its inhomogeneous
distribution of effective refractive index. LCs are anisotropic materials; the crystal axis can easily
be reoriented by an applied voltage. The effective refractive index can therefore be controlled
electrically, and an arbitrary index profile can be generated based on the voltage profile on
pixelated electrodes.
The response time of a LC device is mainly determined by the cell gap (d), visco-elastic
coefficient (γ1/Kii), and operating voltage (V). Under small angle approximation and strong
anchoring condition, the rise time and decay time can be expressed as [8]:

1

trise =

trelax

τo
(V

Vth

)2  1

(1.1)

 1d 2
= 0 
Kii 2
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where Vth is the threshold voltage, γ1 is the rotational viscosity, and Kii is the effective elastic
constant. If gray-to-gray response time is considered, the relaxation time is modified to:
τo

trelax =
(

Vb

Vth

)2  1

,

(1.3)

where Vb is the biased voltage. As shown in Eq. (1.1), the rise time can be sluggish in the vicinity
of threshold. However, this problem can be solved by applying a short pulse of overdrive voltage
to speed up the LC reorientation process. But the relaxation time as shown in Eqs. (1.2) and (1.3)
is relatively slow and it can only be improved by adapting materials with smaller visco-elastic
coefficient or thinner cell gap. This issue becomes more critical for laser beam control devices or
adaptive lenses that require a large phase change (2π), especially in infrared region (λ=1.55 μm).
For an amplitude modulator used in visual display devices, 1π phase retardation is
sufficient and its spatial uniformity is less stringent because the human eye sees the averaged
intensity from each pixel. However, non-display applications often demand more optical phase
shift. For example, an optical phase array [7] for laser beam steering requires a minimal 2π optical
phase change. Since phase shift δ is depicted as



2



nd ,

(1.4)

where Δn is the birefringence, d is the cell gap and λ is the wavelength. To obtain the same phase
change, a device operating at 1.5μm wavelength requires a 2.5x higher dΔn than that of a device
2

for λ=589 nm. Let us take one example with a commercial Merck E7 LC mixture. Its birefringence
drops from 0.22 at λ=589 nm to 0.19 at λ=1.55 µm. As a result, the cell gap needs to be increased
from 2.7 µm to 8.2 µm in order to keep a 2π phase shift. Considering the response time of a LC
device is proportional to d2, the relaxation time of the E7 cell for λ=1.55 µm is estimated to be
~200 ms, which is one order of magnitude slower than the one for λ=589 nm. In fact, for some
applications such as laser beam steering, sub-millisecond response time is required. Therefore,
new materials and device concepts for achieving fast response time are in urgent need.
To improve response time, several approaches have been proposed. One method is to
exploit dual frequency liquid crystal (DFLC) [9–11]. DFLC exhibits a positive dielectric
anisotropy (∆ε>0) at low frequencies and negative dielectric anisotropy (∆ε<0) at high frequencies.
Therefore, during the rising process, applying a low-frequency voltage helps to reduce the rise
time, while during the relaxation process, a high-frequency voltage helps to shorten the decay time.
However, a relatively complicated driving scheme has to be used in order to achieve precise phase
modulation. In addition, at high frequencies the dielectric heating effect would raise the cell
temperature (which also changes the birefringence and shifts the crossover frequency) and thus
decreases the modulation precision [12]. Polymer-stabilized blue phase liquid crystal (BPLC) is
another possible candidate for fast phase modulation [13–15]. In this type of liquid crystal, the
molecules are tightly packed into double-twist cylinders and thus the index of refraction averages
out and exhibits optical isotropy. The tightly packed structure also results in fast response time in
the range of a few hundreds of microseconds to a few milliseconds. The difficulty of BPLC for
phase modulation lies in its lower modulation range of effective refractive index since only one
third of the birefringence can be modulated after the formation of three-dimensional structure of
the double-twist cylinder. The third method is polymer network liquid crystal (PNLC) [16–18]; it
3

employs about 5-10% polymers in a nematic host to form polymer networks. The strong anchoring
enables sub-millisecond response time while maintaining a large phase shift. However, the micronsized domains introduce a strong light scattering, hysteresis and high voltage. In chapter two, we
will describe a method for reducing the hysteresis of PNLC. Further along this route, in chapter
three, to improve the performance (i.e., reduce driving voltage and scattering), we propose a new
method for fabricating a LC phase modulator based on two-photon polymerization.
In the fourth chapter, we introduce phase modulation based on Pancharatnam-Berry (PB)
phase principle. In this type of phase modulation, the defect at 2π phase reset in conventional phase
modulators can be avoided. Therefore, a higher optical quality can be achieved, making them
suitable for display and imaging applications. We demonstrated a fast PB lens with response time
less than 1 ms, and using which we realized the first PB lens-based additive light field display to
generate true (monocular) 3D content with computationally rendered images. In chapter five, we
demonstrate the resolution enhancement based on pixel-shifting of fast PB gratings. By
synchronizing display content with shifting pixels, we demonstrated ~2x enhanced resolution and
significantly reduced screen-door artifact.
In chapter six, we report our discovery of reflective polarization volume gratings (PVGs)
based on self-organized liquid crystal helix. We achieved a large deflection angle (>50° in glass),
high diffraction efficiency (>95%), and unique polarization selectivity (distinction ratio > 100:1).
A system integrating PB optical elements is described in chapter seven.
Finally, we will summarize our major accomplishments in chapter eight.
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CHAPTER TWO: LOW-HYSTERESIS FAST-RESPONSE
POLYMER-NETWORK LIQUID CRYSTALS
2.1 Introduction
In this chapter, we report the progress made to further suppress the hysteresis of
polymer network liquid crystal (PNLC) phase modulators.
To form polymer networks, we often dope 5–10% UV-curable LC monomer into a
nematic host [16–18]. The UV-polymerized network memorizes the original alignment
when the LC mixture is cured. This results in a fast response time as the network exerts an
additional torque on the liquid crystal directors to accelerate the reorientation process. This
effect, however, leads to a much higher driving voltage because the LC molecules are
strongly anchored by the polymer networks. The other obvious consequence is that the
phase change attainable comparing to the non-polymerized liquid crystals at the same
voltage is much reduced. The formation of sub-micron domains also introduces scattering.
For infrared (long wavelength) phase modulation, this is more forgiven as the scattering is
stronger in shorter wavelengths. To reduce scattering, the network domain size must be
much smaller than the desired operating wavelength. If the operation voltage is too high,
deformation of the network becomes an important issue. This deformation manifests as
hysteresis and slow response time. The hysteresis of PNLC is defined as the difference in
voltage at the same phase retardation during designed rising-voltage process and
decreasing-voltage process. The properties of PNLC make it useful in several different
scenarios, such as spatial light modulators (SLMs) [19], adaptive optics for wave-front
correction [20, 21], adaptive lens with tunable focal length [22], and beam steering [23].
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Hysteresis [24] is commonly found in most LC composites incorporating polymers, such
as polymer-dispersed liquid crystals [25] and polymer-stabilized blue phase liquid crystals
[26]. When there is hysteresis in the system, it is much harder to precisely control the phase
retardation, and therefore it should always be minimized or eliminated through molecular
engineering. Hysteresis is usually correlated to a slow relaxation process. The LC director
relax much faster compared to the bulk network, and therefore a good approximation for
the relaxation process is coined “double relaxation.” In this approximation, two exponential
decay terms with different time constants are used to describe the decay process: a fast one
followed by a much slower one. In a polymer-stabilized blue phase, the fast process is
governed by Kerr effect while the slower one is caused by electrostriction [27], i.e. electric
field-induced polymer network deformation. For PNLCs, hysteresis and double relaxation
phenomena have been observed, but not investigated in detail. In recent works of polymerstabilized blue phase liquid crystals, network modification by mono-functional and trifunctional monomers were performed to either increase response time, reduce driving
voltage or suppress hysteresis [28]. Such can be deduced that some effect may also exists
for polymer network liquid crystals which has similar composition.
Here, we present our findings that, surprisingly, doping 1 wt% of a mono-functional
monomer (dodecyl acrylate, C12A) into the liquid crystal/di-functional monomer (RM257)
precursor can suppress the hysteresis almost completely. We observed a slightly reduced
operation voltage, and the response time is slightly slower comparing to the samples
without C12A. We discuss here the possible physical mechanisms behind this phenomenon.
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2.2 Hysteresis reduction of C12A on PNLCs
In our experiment, we used HTG135200 (HCCH, China) as the liquid crystal host.
HTG135200 has a relatively large dielectric anisotropy (Δϵ = 86), which helps to reduce the driving
voltage. It is commonly used in most polymer network liquid crystals for this exact purpose. The
birefringence is comparatively large (Δn = 0.2) and the clearing temperature Tc = 96°C. The
concentration of RM257 was about 5–7 wt% in the host, and the concentration of mono-functional
monomer C12A was 0–2 wt%. Their chemical structures are shown in Fig. 1. To accelerate the
polymerization process, 0.5 wt% free-radical photo-initiator Irgacure 819 was added to the
composition. We fill the well mixed LC materials into 12-µm homogeneous cells to examine their
optical performance. These samples were polymerized by exposure to a high intensity 385-nm UV
LED at 11°C for 1 hour. At this low temperature, both viscosity and order parameter of the mixture
increased. These two factors together resulted in a finer polymer network with reduced scattering
[16]. By applying a voltage of 0–100 Vrms at 1 kHz, we measure the optical performance under
crossed polarizer and analyzer. A 1550-nm laser was used for our measurement. The hysteresis is
measured by gradually increasing the driving voltage and then releasing the voltage at a constant
rate. The switching time is measured by quickly releasing the driving voltage and recording the
transient detector reading. The time span corresponding to the 100–10% reading change is defined
as the response time.
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Figure 1: The chemical structures of C12A and RM257. RM257 exhibits nematic liquid crystal
phase between 70°C and 130°C while C12A does not have a mesogenic phase.

Figure 2: Hysteresis of PNLC samples at  = 1550 nm with (a) 7wt% RM257 without C12A and
(b) 6wt% RM257 with 1wt% C12A. The red arrow indicates forward voltage scan while the blue
arrow is backward. The thin red lines represent the transmittance of the LC host without polymers.
Insets: the PNLC cells observed on a light table between crossed polarizers.
The forward driving and reverse driving processes are shown in Fig. 2(a) and 2(b) for
PNLC samples with 7-wt% RM257, and 6 wt% RM257 with 1 wt% C12A, respectively. It can be
observed that by only adding 1% of C12A, the hysteresis was almost eliminated. The transmittance
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in the plots were normalized to the case of a pure nematic liquid crystal host. It should be noted
that the transmittance would only reach maximum when the applied voltage is over 100 Vrms. To
prevent dielectric breakdown, we did not apply more than 100 Vrms. In Fig. 2(a), we see that the
transmittance before and after the voltage loop was different. This is referred to as “residual
birefringence.” It is presumably a result of the network deformation and is not recovered but rather
over-damped after removal of applied voltage, and thus manifests as a change in birefringence.
Samples doped with C12A, quite the opposite, do not exhibit appreciable residual birefringence.
This suggests that the incorporated C12A can effectively reduce the deformation in the network.
For both samples (same cell gap), the operation voltage for achieving 2π phase change remains
nearly the same. This is an indication that the interaction between LCs and the network may be
weakened. With further analysis, we conclude that it is the weakened interaction that leads to a
lower residual birefringence and suppressed hysteresis. What can also be seen from Fig. 2(a) and
2(b) is that the initial transmittance is ~4% lower with C12A dopant. Such is the result from a
slightly lower birefringence in C12A composite as C12A is not birefringent. Another possible
mechanism is the reduced packing density due to the long chain of C12A in the copolymer, which
results in a coarsened network.
The voltage-lowering phenomena was reported not only for C12A but also for a nonmesogenic monomer M1 as in [17]. As it is reported, the non-mesogenic component degraded the
uniformity of the polymer network and result in inhomogeneous birefringence across the cell. On
the opposite, we can see in the insets of Fig. 2, the cell doped with C12A is clearly uniform under
crossed polarizer. This indicates the compatibility between C12A and RM257 is better comparing
to the case for M1.
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In the next test, we control the concentration of RM257 and C12A to investigate the optimal
concentration of C12A dopant. The result is summarized in Table 1. We measured the average π
phase change voltage (the phase change during the increasing-voltage process and decreasingvoltage process), the hysteresis, and the relaxation time. It is observed that as the total monomer
concentration increases, the operation voltage also increases. Such is the result of stronger network
and finer domain size. As reported in Ref. [18], the driving voltage of a PNLC increases in a rough
approximation inversely proportional to domain size. According to this establishment, we can
deduce that by substituting partially RM257 with C12A (i.e., comparing samples S70, S61 and
S52), the domain size slightly increased, resulting in lower operational voltage. This is because
C12A has a much lower viscosity than all other materials in the precursor. Therefore, by replacing
a portion of RM257 with C12A, the precursor was diluted before polymerization. The increased
diffusion rate resulted in a larger domain size.
Another correlation found in Table 1 is that as the monomer concentration increased,
hysteresis decreased. This trend is clearly manifested in samples S60, S70 and S80. It is
presumably due to the more robust network at higher polymer concentration. Moreover, we found
that adding 1-2% C12A helped to dramatically suppress hysteresis. However, the trade-off was
slower response time. For example, the relaxation time of S70 was 212 s, but it increased to 503
s for S61 and 1916 s for S52. Therefore, increasing C12A concentration has pros and cons. On
the positive side, it lowers the operation voltage and eliminates hysteresis almost completely, but
on the negative side it increases response time dramatically. To explain these phenomena, our
hypothesis is that the presence of C12A weakens the surface interaction between LC and network,
which also implies to a weaker phase-mixing. As strong phase-mixing exists for the LC/RM257
composite, as a result the LC director reorientation distorts the RM257 network significantly,
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resulting in a noticeable hysteresis and residual birefringence. While in the LC/RM257/C12A
composite, the interaction between LC and RM257/C12A network is weaker, thus, the network
distortion exerted by the electric field-induced LC reorientation is minimal, resulting in a
negligible hysteresis but also a slower response time.
Table 1 Measured hysteresis of PNLC samples with different monomer compositions. λ = 1550
nm.
Composition
Characteristics
(wt%)
Sample
RM257

C12A

Hysteresis

Relaxation time

(%)

(μs)

Vπ, ave. (V)*

S60

6

0

48.0

5.7

361.0

S51

5

1

46.9

1.1

1830.0

S70

7

0

66.5

3.0

212.0

S61

6

1

63.2

0.0

503.5

S52

5

2

57.0

0.2

1916.5

S80

8

0

76.9

2.0

153.6

S62

6

2

66.7

0.0

570.0

*The average voltage at π phase change of the forward and backward voltage scans.
2.3 Scattering of C12A-doped PNLCs
For practical applications, scattering loss of the PNLC devices should be minimized. In
this part of the experiment, we removed the polarizers and investigate the scattering of PNLC in
the visible and near-infrared regions. In Fig. 3, we plot the measured transmittance of samples S52,
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S61 and S70 at 60 Vrms, where the maximum scattering occurs. The transmittance was normalized
to a sample filled with nematic LC host only, i.e., without any polymer. To analyze the loss from
scattering, we eliminate the Fabry–Pérot interference (due to ITO glass substrates) by taking the
envelope of the spectra as the actual transmittance. From Fig. 3, we find that scattering increases
as the C12A concentration increases, especially in the visible spectral region. Together with the
reduced operation voltage shown in Table 1, we conclude that adding C12A tends to enlarge the
network domain size. This is because C12A lowers the viscosity of the precursor and increases the
polymer diffusion rate, which in turn leads to larger domain sizes. A larger domain size lowers the
operation voltage but increases the scattering loss and response time. At  = 1550 nm, the
scattering loss is <1% for both S70, S61 and S52.

Figure 3: Measured transmission spectra of PNLC samples S70, S61 and S52 at 60 Vrms, near
where the strongest scattering occurs. The relative transmittance of sample S61 is 97.8% and 99.8%
at  = 1060 and 1550 nm, respectively. Transmittance was normalized to the case when the cell
was infiltrated with a nematic host.
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2.4 Double relaxation
Next, we compare the transient relaxation between S70 and S52 to understand the effect of
C12A on the increased response time. For a polymer-stabilized system, such as blue phase, due to
the complicated interaction processes between polymer network and LC domains, usually the
relaxation cannot be well described by a single exponential decay but two. This phenomena is
referred as double relaxation [27]. In Figs. 4(a) and 4(b), we show the transient phase change of
samples S70 and S52 relaxing from 50 Vrms to 0 Vrms, respectively. For S70 (Fig. 4(a)), the single
exponential decay can still fit the transient phase change process although not perfect, but not for
S52 (Fig. 4(b)).
To quantitatively analyze this phenomenon, we fit the measured phase change by:
 (t )  A  e  t /  B  e  t / ,
1

2

(2.1)

where the first term represents the fast relaxation and second term the slow relaxation, [A, B] and
[τ1, τ2] are the corresponding weights and time constants. In experiment, samples S52, S61 and
S70 were driven to different on-state voltages and released for recording the transient relaxation.
The ratio defined as A/(A+B) helps to quantify the degree of single relaxation. When no double
relaxation presents, the second term vanishes (i.e. B = 0) and the ratio is equal to one. On the other
hand, when a stronger double relaxation occurs, B gets larger so that A/(A+B) decreases.
As Fig. 5 depicts, the A/(A+B) ratio stays reasonably flat and then decreases as the electric
field exceeds a threshold (Eth), which depends on the samples. For S70, the initial A/(A+B) ratio is
about 94% and Eth7.5V/m. As the C12A concentration increases, both A/(A+B) and Eth decrease
gradually. This indicates a weaker phase-mixing such that a portion of the LC molecules were not
realigned by the polymer network but followed its own free relaxation. As the electric field
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increases, the A/(A+B) ratio gradually decreases, indicating a lower degree of phase-mixing. The
decreasing trend for sample S70 is rather insignificant; yet for samples S61 and S52 an obvious
decrease is found when the electric field is higher than 6.5 V/μm and 6 V/μm, respectively. This
decreased phase-mixing is attributed to a larger difference in the LC orientation and polymer in
the high field region.
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Figure 4: The transient relaxation process of the sample (a) S70 and (b) S52 from 50 Vrms to 0 Vrms
fitted with single (dashed blue lines) and double (solid red lines) relaxation curves.
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Figure 5: The A/(A+B) ratios for samples S70, S61 and S52. Only statistical errors were included.
Dashed trend lines are added for visual aid.
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Figure 6: (a) The extracted fast relaxation time constant (1) and (b) slow relaxation time constant
(2) for S70, S61, and S52 PNLC samples.
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In addition to A and B coefficients shown in Eq. (2.1), we also like to know how the C12A
concentration affects the two time constants. In Fig. 6, we plot the fast and slow relaxation time
constants versus electric field. For a PNLC with strong anchoring energy, its relaxation time can
be approximated by Eq. (1.2) with i = 1 (K11 being the splay elastic constant). However, with C12A
the dramatically increased response time cannot be explained solely by the slightly increased
domain size as evidenced by the increased scattering and decreased driving voltage; rather reduced
anchoring energy also plays an important role. From Fig. 6(a), in the low field region 1 increases
from 50 s to 75 s for PNLC samples S70 and S61, and then jumps to 200 s for S52. As the
electric field increases, 1 slightly increases due to the larger reorientation angle required to return
to the initial state. Overall speaking, the fast relaxation time constant 1 increases as the C12A
concentration increases, but it still stays in the sub-millisecond region. While for 2 shown in Fig.
6(b), it is about 10x slower than 1. To keep the desirable features of PNLC, such as hysteresisfree and low voltage while keeping sub-millisecond response time, we should consider using
sample S61. For the S80 and S62 group shown in Table 1, the overall performance of S62 is still
acceptable, although its operation voltage is higher due to higher polymer concentration.
2.5 Phase retardation of C12A-doped PNLCs
In the visible region, light scattering of PNLC is relatively strong, as depicted in Fig. 3. To
eliminate light scattering, the average domain size should be controlled below 200 nm.
Undoubtedly, such a small domain size would dramatically increase the operation voltage. To
reduce voltage while keeping scattering-free behavior and fast response time, polymer-stabilized
blue phase would be a better choice [29]. Here, we concentrate on PNLC for IR SLM applications.
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In Fig. 7, we compare the phase change of sample S61 at  = 1550 nm and 1060 nm. The
phase change () of a PNLC SLM is described by Eq. (1.4). In the IR region, n has basically
saturated; that means it remains almost the same for  = 1060 nm and 1550 nm. From Eq. (1.4),
the major factor affecting the phase change is . For a phase modulator, a 2π phase change is
usually required, which corresponds to V276 Vrms for  = 1060 nm. For amplitude modulation,
the corresponding π phase change occurs at V53 Vrms for a transmissive SLM.

Figure 7: The phase shift measured at  = 1550 nm and 1060 nm of sample S61. For 1060 nm, the
π and 2π phase shift occurs at 53.2 Vrms and 76.2 Vrms, respectively.
2.6 Conclusion
We have investigated the effects of C12A monomer on an LC/polymer composite.
Interestingly, we find for PNLCs with merely 1-2 wt% C12A, several attractive features can be
obtained, including dramatically suppressed hysteresis and lower operation voltage, while keeping
submillisecond response time. Despite so, the driving voltage and scattering remains an issue
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especially when attempting to apply to shorter wavelengths. Therefore, we propose a new method
to fabricate well-defined polymer multilayer scaffold as will be described in the next section.
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CHAPTER THREE: MULTI-LAYER LIQUID CRYSTAL PHASE
MODULATORS
3.1 Introduction
In this Section, we report a new phase modulator based on two-photon polymerized multilayer scaffold. The supporting of such scaffold can enhance response time without introducing
significant increase in driving voltage, strong scattering or hysteresis.
In recent years, the rapid advance of nano-fabrication based on two-photon polymerization
(TPP) [30, 31] has extended the horizon of ultra-fine devices. TPP utilizes pulsed infrared laser
for polymerization. When focused, the transient high intensity induces two-photon absorption in
precursors to form a sub-micron polymerized spot. By steering the focusing spot, hollow structure
with nanoscale feature can be easily fabricated. This provides unique advantages for fabricating
over traditional lithography methods and thus many previously difficult or impossible structures
can now be realized [32–36].
In this work, we demonstrate an engineered TPP phase modulator based on multi-layer
structure to obtain large phase change and fast response time simultaneously. The structured layers
separate the liquid crystal layer into well-defined sub-layers with nanoscale features. In such a
multi-layer cell, the phase change is determined by the total LC thickness, while the response time
is only determined by the thickness of each sub-layer. This allows the increment in total phase
change while maintaining fast response time, without introducing scattering or hysteresis as in the
case of PNLC described in Chapter 2. As a proof-of-concept, we fabricated a 2-layer and a 3-layer
LC cells. We experimentally verified the response time improvement of 4 times and 7 times for
the 2- and 3-layer structures, respectively, compared to the conventional single-layer structure with
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same phase modulation. The 4x response time enhancement factor for the 2-layer system exactly
follows from the analytical prediction of Eq. (1.2). However, the 7x improvement factor for the 3layer structure deviates from the expected 9x improvement due to the unequal sub-layer gaps. The
underlying physics is verified through device simulation and experimental measurements.
3.2 Fabrication of two-photon polymerized LC scaffold
Figure 8(a) illustrates the multi-layer LC device structure. The polymer structure is formed
on one side of an ITO-coated glass substrate through TPP in a commercial photoresist, IP-DIP
(Nanoscribe GmbH). A 2D galvanometer scanner is utilized to steer the focal point of a 780-nm
pulsed laser to expose lines of polymer connected side-by-side to form a uniform surface. The
periodicity and direction of the written lines creates nanoscale grooves in the surface, which
provides a controllable anchoring for the LC molecules in both direction and anchoring force.
These separation layers were formed to define cavities L1 through LN, which will later be
infiltrated with liquid crystal. We define N as the number of liquid crystal layers. In this
experiment, these layers have nominal thickness of 1.7 μm for N = 2 and 2.2 μm for N = 3. The
separation layers have a nominal thickness of 800 nm. Supporting pillars were formed in situ with
a width of 1 μm. After TPP, the sample was gently placed in 1,2-Propanediol monomethyl ether
acetate (PGMEA) solution for 20 min to remove the unexposed photoresist, and then it was placed
in isopropyl alcohol (IPA) to remove PGMEA. The sample was then vertically held at 20 cm above
a 200°C hot plate for 2 min to evaporate the solvent.
Figure 8(b) shows the SEM image of the sample with N = 3. The total area was 180 by 180
µm2. The pillar distance was set to be 15 µm, and the pillars at boundaries were elongated to ensure
the structure does not peel off during evaporation process. Stitching outlets were also formed in
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the middle to facilitate the developing process. Clear vacancies between the separation layer and
the substrate can be observed. A thin film of polymer (<100 nm) with grooves was formed on the
substrate to serve as an alignment layer. The same horizontal grooves can be seen on the separation
layers, and it was found that the boundary shrank slightly after evaporation, forming a slightly
curved feature.
To complete the LC cell, the TPP polymer substrate was UV cured onto an ITO-superstrate
coated with rubbed polyimide to provide homogeneous alignment. The distance between these two
substrates were controlled with silica spacers at 4.3 µm and 8.45 µm to create effective cell gaps
(gap spacing excluding the polymer separation layer thickness) of 3.4 µm and 6.6 µm for the N =
2 and N = 3 samples, respectively. The cell was then filled with a liquid crystal mixture LCM1660 (LC Matter, USA) to achieve large phase change due to its high birefringence (Δn = 0.38 at
λ = 632.8 nm).

Figure 8: (a) Illustration of the multi-layer structure with N being the number of liquid crystal
layers. (b) The SEM image of a three-layer LC cell. Scale bar: 10 µm.
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Figure 9: The simulated correlation between number of LC layers (N), driving voltage and phase
change at 633 nm with each layer being 2.2 µm. At N = 7, the phase change reaches 12.1 π at 30
Vrms for λ = 633 nm, which corresponds to δ = 2.0 π at λ = 3 μm.
3.3 Phase retardation of dual-layer two-photon polymerized LC scaffold
Figure 8(a) depicts the schematic of the multi-layer liquid crystal (MLC) modulator, where
N refers to the number of liquid crystal layers that are supported by N−1 separation layers. The
corresponding SEM image is shown for a sample with N = 3 (after covered with superstrate).
To understand the relation between the number of layers N, phase change δ (at λ = 633 nm)
and driving voltage, we simulate a set of devices while maintaining a constant relaxation time (a
constant sub-layer thickness of 2.2 µm), as shown in Fig. 9. Due to the independency of LC layers,
a good linear relation holds. Note that with this configuration, increasing the number of layer and
phase change does not slow down the response time of the whole device, as discussed before. At
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N = 6, the total phase change at 30 Vrms reaches 12.1π for λ = 633 nm, which corresponds to δ =
2.0 π at λ = 3 μm. To accommodate a longer wavelength, e.g. λ = 5 μm, we should increase the
layer number to 12.
It is noteworthy that in multi-layer approach, each layer is preferentially kept at the same
thickness with the same anchoring force and uniform anchoring direction, and yet these parameters
may be configured at will with the current TPP process for versatile multi-layer LC tunable devices,
but not limited to phase modulators.

Figure 10: A dual-layer (N = 2) sample compared to a conventional single-layer sample with the
same effective cell thickness of 3.4 µm. (a) Measured and simulated voltage dependent phase
change of the single-layer and double-layer samples at λ = 633 nm. (b) The relaxation time of
phase change from 0–90% for dual and single layer samples are 4.21 ms and 18.75 ms, respectively.
Inset: the SEM image of a dual-layer sample, scale bar: 2 µm.
In Fig. 10, the experimental measurement with N = 2 sample (solid red curve) is compared
with a conventional single-layer sample (solid black curve). The conventional single-layer sample
has an effective cell gap of 3.4 µm so that the total phase changes of the N = 2 sample and the
single-layer sample are roughly the same. Figure 9(a) shows the measured and simulated voltagedependent phase change of the two fabricated samples (N=1 and 2). The blue dashed lines
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represent the simulation results, obtained by the DIMOS software including the voltage shielding
effect of the separation layers. The simulation and experimental results agree well. Also noticed
from Fig. 10(a), the dual-layer sample exhibits a higher operation voltage than the single-layer one
(black curve) for the following two reasons: 1) the additional anchoring force from the separation
layer, which acts against molecular reorientation induced by the applied voltage, and 2) the
voltage-shielding effect from the polymer separation layer. For the dual-layer sample, a phase
change of 3.6 π was obtained at 633 nm at 15 Vrms. Further, to ensure releasing from a saturated
voltage, we measured the relaxation response upon releasing voltage from 20 Vrms, as shown in
Fig. 10(b). The dashed red lines (at 4.21 ms) and black lines (at 18.75 ms) mark the decay time for
the 0–90% phase change. The improvement is slightly more than 4-fold, as predicted by Eq. (1.2).
Note that in the conventional single-layer sample, a quick phase change occurred at near t = 0 due
to the fast backflow near the alignment layers. This causes an overshoot of LC reorientation in the
center, resulting in a slow backflow effect, which significantly increases the overall relaxation
process. The dual-layer sample greatly minimizes this backflow effect due to the additional
anchoring surfaces and thinner cell gap for each sub-layer.
3.4 Phase retardation of three-layer two-photon polymerized LC scaffold
If such a dual-layer device is intended for longer wavelength say λ = 1.06 µm, then the
estimated phase change is about 1.86 π at 15 Vrms because of the increased wavelength and
decreased Δn. To obtain δ = 2π, we can either increase the sub-layer thickness or build more layers.
The former will undoubtedly increase the response time as explained above. Therefore, we further
explore the three-layer geometry.
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Figure 11:A three-layer (N = 3) sample compared to a conventional single-layer sample with the
same effective cell thickness of 6.6 µm. (a) The voltage versus phase change shows a phase change
of 7.2π at 30 Vrms. λ = 633 nm. (b) The relaxation time of phase change from 0–90% for the dualand single-layer samples are 9.55 ms and 69.27 ms, respectively. Inset: the SEM image of a threelayer sample, scale bar: 2 µm.
Figure 11 depicts the simulated and measured results of our three-layer test cell. To achieve
a larger phase change for short-wavelength infrared (SWIR) applications, we slightly increased
the height of each sub-layer to 2.2 µm so that the three-layer sample has an effective thickness of
6.6 µm. Again, we compare this three-layer sample to a single-layer sample with the same effective
cell gap. Figure 11(a) shows the voltage-dependent phase change of the three-layer sample
compared to the single-layer sample. At 30 Vrms, the phase change reaches 7.2 π for λ = 633 nm.
This corresponds to δ = 3.7 π at 1.06 µm and δ = 2.4 π at 1.55 µm. Figure 11(b) shows the transient
relaxation process when releasing from 30 Vrms. The response time is reduced from 69.27 ms to
9.55 ms, showing a 7.2x improvement. Ideally, the response time should be 9x faster as expected
from Eq. (1.2). The main reason for the discrepancy is a slight deviation in individual sub-layer
heights. As measured from SEM, the bottom layer thickness was 1.95 µm and the second layer
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was 2.27 µm. Thus, the top layer thickness was determined to be 2.38 µm after subtracting the
total thickness of the bottom two layers. As a result, the thickest layer (2.38 µm) dominates the
relaxation process. As estimated through Eq. (1.2), this corresponds to a 7.6x enhancement instead
of 9x, which is consistent with the measured response time.
3.5 Remarks on limitations
MLC allows the decoupling between response time and total phase change, and therefore
allows a larger phase modulation at the same response time. This is critical for application in longer
wavelength region. Currently, PNLC is the leading candidate for fast SWIR SLM. Due to the small
average domain size, PNLC exhibits submillisecond response time at 1.06 μm [37]. However, the
major problems are high operation voltage (>80V for a transmissive SLM), noticeable hysteresis,
and double relaxation times. In the visible spectral region, PNLC scatters light strongly. TPPenabled multi-layer LCs avoid these issues due to the well-defined polymer structure.
Currently, the writing time for a three-layer sample with a block size of 180 µm by 180 µm
lies around 20 minutes. To scale up to a half-inch device, it will take a long time. However, this
slow fabrication process can be improved in the future as the high power lasers with faster scanning
system and multi-beam TPP are available.
3.6 Conclusion
We have demonstrated, for the first time, a multi-layer LC phase modulator fabricated
through two-photon polymerization. With a dual-layer structure, we observed a more than 4x
improvement in response time, but with a 2x higher voltage. The three-layer LC sample exhibits
7x faster response and provides a phase change of 7.2 π at 30 Vrms. While PNLCs provide submillisecond response time, we show that the multi-layer LCs allow negligible scattering and
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hysteresis, and large phase change at lower driving voltage, while maintaining a reasonably fast
response time. The TPP-enabled multi-layer structure not only opens a new gate for spatial light
modulators but also provides a nice flexibility allowing versatile design of controlled layer
thickness and complex surface anchoring. We foresee versatile multi-layer LC devices to emerge
for polarization manipulation, adaptive focusing, and phase modulation in the near future.
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CHAPTER FOUR: PANCHARATNAM—BERRY PHASE OPTICAL
ELEMENTS
4.1 Introduction
In this chapter, we will discuss a different kind of phase modulation mechanism based on
PancharatnamBerry phase, also called geometric phase. The phase modulation described in
previous sections is realized by controlling the liquid crystal (LC) inclination angle through electric
field, and yet the PancharatnamBerry phase optical elements (PBOEs) modulate the phase of
incoming circular polarized light through modulating the in-plane rotation angle of the molecules.
This fundamental difference allows continuous phase modulation and therefore will not introduce
defects at 2π to 0 phase jump. The active control of rotational angle, however, is challenging for
LC devices, and therefore it is usually made into permanent phase plate instead of electrically
tunable light modulators.
PBOEs [38–48], also known as cycloidal diffractive waveplates (CDWs), are essentially
patterned half-wave plates with spatially varying crystal-axis orientation (director). The modelling
of PBOEs can be understood through Jones-matrix analysis, assuming an input light as:
J 

1 1
 ,
2  i 

(4.1)

where J+ and J− corresponds to left- and right-handed circularly polarized light (LCP and RCP),
respectively. When passing through a half-wave plate at azimuthal angle ϕ, the output can be
written as:
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where R(ϕ) and W(π) are the Jones matrix representations of rotation and phase retardation,
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respectively. Equation (4.2) indicates that when the incident light is circularly polarized, in
addition to flipping handedness, the circularly polarized input also accumulates a phase according
to the azimuthal angle ϕ. This is very different from a conventional LC phase modulator, which
utilizes the change in polar angle (or tilt angle) to modulate phase, resulting in a discontinuity at
the boundary of 2π modulus. Instead, in the case of a PBOE phase modulation, since azimuthal
angle is varying continuously across space, this mapping from azimuthal angle to phase allows a
continuous phase change and therefore allows more drastic phase change without introducing
discontinuity at the boundary of 2π and 0 modulus.
For a typical PancharatnamBerry lens (PBL), as Fig. 12(a) depicts, its director
continuously changes along radial axis in a parabolic fashion. A PancharatnamBerry deflector
(PBD), as shown in Fig. 12(c), has a linearly changing director. In these distributions, the phase
profile is effectively parabolic or linear so that its far-field behavior acts as a lens or a prism (a
blazed grating). We’d like to stress here the difference between PBL/PBD and a Fresnel lens/prism
array. Although they have a similar profile, PBOEs are continuous modulation of phase, while
Fresnel lens/prism arrays are modulation in macroscopic shape of the material. The former must
be modelled through diffraction while the later should be modelled with Fresnel refraction. This
leads to a profound difference in wavelength dispersion. The diffraction-based modulation results
in a larger deflection angle at longer wavelength and yet refraction-based modulation results in a
larger deflection angle at shorter wavelength. Also, Fresnel lenses/prism arrays have discontinuous
structures that lead to limited resolution, scattering losses and stray light. To obtain a relatively
high efficiency, traditional Fresnel lenses are made using multilevel high-resolution lithography
techniques that are only affordable to most advanced research institutions. The complexity of the
technology renders it difficult to scale up the conventional Fresnel lenses both in sizes and
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fabrication quantities.
The other interesting property of PBOEs, as shown in Eq. (4.2), is that the phase profile of RCP
and LCP have opposite signs. This indicates that RCP and LCP will acquire opposite phase profile.
For PBLs, this corresponds to diverging and converging lens for the LCP and the RCP, as Fig.
12(b) depicts, while for PBDs, this means a positive and a negative deviation angle, as shown in
Fig. 12(d).

Figure 12:(a) Top view of a PPL: the direction of the LC optical axis changes radially. (b) The
corresponding phase change along the dashed lines in (a). (c) Top view of a PBD: the direction of
the LC optical axis changes longitudinally. (d) The corresponding phase change along the dashed
lines in (c).
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4.2 Switching of PBOEs
Two major schemes can be exploited for driving a PBOE: (I) directly applying a voltage
across the PBOE to switch the LC molecules between spatially patterned waveplate (which acts as
a lens for focusing/defocusing circularly polarized input) to homeotropic plate (which can be
treated as a transparent plate), as Fig. 13(a) depicts (only shows the case of a PBL, but also applies
to PBDs), and (II) adding an external polarization rotator to select the input polarization between
LCP and RCP to switch between focusing and defocusing states, as Fig. 13(b) indicates. We refer
to scheme I as active driving mode and scheme II as passive driving mode. In the active mode, the
whole device consists of only a PBL and a circular polarizer on the input side. As for the passive
mode, we need an extra fast-switching polarization rotator (e.g. a twisted nematic LC cell or a
ferroelectric LC cell) and a /4 film. It is noteworthy that in passive driving mode it is common to
exploit liquid crystal polymer film instead of electrically responsive liquid crystal molecules so
that the film thickness can be well-controlled and further optimization on efficiency can be made
through director modulation in z axis (defined as the axis perpendicular to the substrate), as will
be discussed in the following section.
4.3 Fabrication of PBOEs
To fabricate a PBOE, a thin film of photo-alignment material such as PAAD-72 (BEAM
Co.), brilliant yellow or SD-1 is coated on to a substrate. For active driving mode, these substrates
with transparent electrodes were first assembled to form a LC cell with a certain cell gap, and then
subjected to interference exposure. For passive driving, since only one alignment layer is required,
the coated substrates are directly subjected to interference exposure. An optical setup is shown in
Fig. 14. The beam from a linearly polarized laser (UV, violet or blue) was split into two paths with
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a non-polarizing beam splitter (NPBS). They were then sent through a quarter-wave plate (QWP)
to generate two opposite-handed circularly polarized beams. One beam passed through a focusing
lens L0 to adopt a parabolic wavefront, and these two beams were then combined with the other
NPBS. At the twice the focal length of L0, the interfered patterns can then be recorded onto the LC
cell. The optical setup for fabrication of PBDs is similar, with L0 removed and an angle introduced
between two arms to form a linear change in phase profile. After exposure of sufficient dosage,
for active driving, the exposed cell will be filled with a LC whose birefringence (Δn) satisfies dΔn
≅ 0.5 λ. On the other hand, for passive driving, the exposed substrate will be used for spin-coating
with diluted LC monomer such as RM257 or RMS03-001 (Merck). Then the substrate is dried and
exposed with UV to form cross-linked LC polymer thin film.

Figure 13: Two different driving methods: (a) active driving with a voltage applied directly to PBL,
resulting in a switching between f = fPBL and f → ∞; (b) Passive driving with a polarization rotator
(PR) to select the input polarization, resulting in a switching between f = fPBL and f = −fPBL.
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Figure 14: The setup for interference exposure process for a PBL. The beam from linearly
polarized laser was filtered and collimated and split into two paths with a non-polarizing beam
splitter (NPBS). They were then sent through quarter-wave plates (QWPs) to form two oppositehanded circularly polarized light beams. One of the beams (light blue) passed through a focusing
lens L0 to adapt a parabolic wave-front, and these two beams were then combined with the other
NPBS. At the twice of the focal length of L0, the interfered patterns can then be recorded onto the
LC sample.
4.4 Response time of PBOEs
Figure 15 shows an experimental setup for measuring the switching time of an activedriving PBL. A laser source (e.g., Ar+ laser, =514 nm) was focused and filtered with a pinhole
and then collimated onto a circular polarizer (CP). The PBL was placed such that the light was
focused into an aperture at the focal length of PBL. The light was then collected with a lens into
the photodetector (PD). When an appropriate voltage was applied, the LC directors were reoriented
vertically to the substrates and thus the focal length became infinity, so that most of the light will
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be blocked by the aperture (dashed lines). To characterize PBDs, the aperture may be shifted from
the center and aligned such that only at voltage-off state the laser beam can fully pass through.

Figure 15: The measurement setup for active driving of PBLs. The filtered and collimated green
laser beam (514 nm) was polarized with a circular polarizer (CP) and then focused by the PBL
through an aperture and then focused again into the photodetector (PD). When the voltage is
applied, most of the light (dashed line) will be blocked by the small aperture.
Figure 16 shows the measured switching behaviors of a PBL. For a LC device, the
relaxation time can be approximated by Eq. (1.2). This equation describes the response time of LC
director reorientation, while the actual optical response time (transmittance change from 10% to
90%) is often faster. In our experiment with active driving mode, as shown in Fig. 16, the voltageoff process (relaxation from 7 Vrms) has a response time of 0.54 ms. The voltage-on response time
can be accelerated by increasing the voltage. At 7 Vrms, the voltage-on response time is 0.18 ms.
Such a fast switching time results from a relatively low visco-elastic constant of UCF-M37 (γ1/K11
= 4.0 ms/μm2 at 22°C) and thin cell gap (1.6 μm). Even though a faster response time can be
obtained by decreasing the cell gap, it will require a higher birefringence liquid crystal with a
larger wavelength dispersion and leads to a more pronounced efficiency loss, as will be discussed
later. The same switching behavior holds for PBDs. For passive driving, the response time is only
determined by the polarization rotator. A twisted nematic polarization rotator can have a response

36

time of 2 ms, while a ferroelectric polarization rotator usually has a response time of around 0.1
ms.

Figure 16: Upon releasing voltage from 7 Vrms, the PBL switches from f → ∞ to f = fPBL and thus
passing through the aperture. The switching time is 0.54 ms (V-off) and 0.18 (V-on).
To demonstrate the switching range and behavior, a simple system was set up, as shown in
Fig. 17, where a PBL (fPBL = 13 cm) was placed near a biconvex lens (as an offset lens, fbc = 4 cm)
to form a compound lens that switches between foff = 3.06 cm and fon = 4 cm. A circular polarizer
was laminated onto the PBL. A printed “UCF” colored image was placed behind the compound
lens slightly over 4 cm to produce an image distance switching of 12.5 cm (voltage-off state) and
350 cm (voltage-on state) as can be seen from the distance reference aside from the lens. This
corresponds to a switching of 7.7 diopters. The image size for the switched-on and switched-off
states is different due to the mismatched secondary principle plane. This can be easily corrected
by sandwiching the PBL between two plano-convex lenses to form a symmetric configuration. For
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integration in depth-fused or light-field display devices, a smaller switching range (e.g., 3 diopters)
is sufficient.

Figure 17: When looking into the PBL and the offset lens, the switching of voltage-on and voltageoff states upon PBL results in different image distances as shown above. The left photo shows the
image when the PBL is in voltage-off state (image located at 12.5 cm), while the right photo shows
the image in voltage-on state (image located at 350 cm).
4.5 Broadband PBOEs
For practical applications, we examine here the efficiency () of a PBL, which is defined
as the focused beam intensity divided by the total beam intensity with the input light being
circularly polarized.  can be expressed as:

  sin 2 (

nd
).


(4.3)

From Eq. (4.3), one can plot the wavelength dependent efficiency. Results are shown in Fig. 18.
Here the PBL is an LC cell with 1.6-μm-thick UCF-M37 (optimized at =512 nm, i.e., Δnd = 256
nm). Noted that in this plot, the LC birefringence dispersion was modelled according to the
equation below:
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(4.4)

with G =2.15 × 10-6 nm-2 and λ* = 241 nm through fitting the n dispersion data of UCFM37.

Figure 18: The wavelength dependent efficiency of PBL. In this region, the efficiency is over 80%.
From Fig. 18, the efficiency at normal incidence drops to below 90% at 450 nm and 650
nm, while high-efficiency performance across all visible wavelength is critical in many
applications. Since PBOEs are essentially patterned half-wave plates, achromatization can be
realized in a similar way, which is to introduce director modulation along z axis. As reported in
[49], a dual-twist structure (Fig. 19(a)) can effectively widen the operation wavelength providing
over 95% efficiency. In this structure, the LC director along x-axis is the same as a regular PBOE,
while along z-axis it twists to a certain degree Φ from bottom to half way across the film, and then
twists back through the top. The efficiency η as a function of twist angle Φ and phase retardation
Γ can be described by:

  1  [cos 2   ( 2   2 )sinc2  ]2 ,
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(4.5)

2
2
where    d n /  ,      and sinc=sin() /  .

Figure 19: (a) The side view of an achromatized dual-twist PBOE. (b) The efficiency of a dualtwist PBOE (d = 1.8 µm, Δn = 0.15) with different twist angle across visible wavelength. It shows
a >98% high efficiency across 450–650 nm when the twist angle is 70°.
In Fig. 19(b) we plot the efficiency for a dual-twist structure with d = 1.8 µm and Δn =
0.15. It shows high efficiency (>98%) across 450–650 nm wavelength region when the twist angle
is at 70° (red solid line).
To experimentally realize the 70° dual-twist structure, a carefully controlled amount of
chiral dopant is doped into the precursor for spin-coating. After photo-polymerization, a precursor
with opposite handedness chiral dopant is spin-coated onto the polymerized layer and subjected to
photo-polymerization again to form a dual-twist structure.
4.6 Chromatic aberration of PBOEs
Although the efficiency can be achromatized through the adoption of dual-twist structure,
the deflection angle θ in a single PBD is always wavelength-dependent. It can be described simply
as:
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Px / 2   / sin  ,

(4.6)

where Px is the distance along x axis where LC directors rotate by 360°, as shown in Fig. 12(c).
This indicates that, in contrast to a prism, light with shorter wavelength deflects less than light
with longer wavelength. By treating PBLs as a period-changing PBDs, it is straightforward to see
that, for a given PBL, the focal length can be approximated by:
f 

1



.

(4.7)

This approximation clearly shows that the longitudinal chromatic aberration (LCA) is the
opposite of a conventional lens or a Fresnel lens. For practical purposes, in Fig. 20, the LCA as a
function of lens power K (defined as K = 1/f in diopter, or m−1) at 589 nm was plotted for a NBK7 bi-convex lens and a PBL. The longitudinal chromatic aberration is expressed here as ΔK,
defined as K at 656 nm minus K at 486 nm. One can see that PBLs have significantly stronger
negative longitudinal chromatic aberration comparing to that of a conventional concave/convex
lens. At K = 25 D (that is, a focal length of 4 cm), PBL has a ΔK of −7.22, while N-BK7 has a ΔK
of 0.39. For depth-fused display, to match accommodation, a switching of 3 diopters is preferred;
for PBL, this corresponds to a ΔK of −0.86. Compensation can be easily applied, e.g., with a 20D bias lens made of N-BK7, resulting in a total of ΔK = −0.55. For light field display, this condition
is further alleviated since it requires a switching less than 3 diopters.
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Figure 20: Comparing the longitudinal chromatic aberration between a PBL and a N-BK7
biconvex lens. The optical power of a PBL is significantly dependent on wavelength.
4.7 Large-angle transmissive PBOEs
For the application as a waveguide coupler in augmented reality (AR), due to the limitation
of total internal reflection, it is critical to have a ~55° deflection angle in the waveguide. This
allows the displayed light to be deflected and guided toward the viewing region through total
internal reflection and deflect again toward the user’s eye. For a PBD with small deflection angle,
it is reasonable to assume the linear phase profile was acquired through an infinitesimally-thin
PBD. However, when deflection angle is large, the change of wave-front within the PBD became
non-negligible. It was reported in [50, 51] that at a large deflection angle, e.g., 50°, the efficiency
drops quickly to below 20%. The solution to large-angle high-efficiency PBDs (HLPBDs), like
the case of achromatization, is to introduce a certain twist into the PBD. Instead of describing the
vertical twist in terms of twist angle, we define the vertical pitch (Pz) to be the distance along z
axis when LC director rotate by 360°. As shown in Fig. 21, to maintain high diffraction efficiency
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at desired angle (labelled on top of the plot) of deflection for, say LCP, a corresponding d/Pz should
be incorporated. In this specific case, d = 1.37 µm and Δn = 0.2. This twist introduces an
asymmetry into the system, and results in the asymmetric deflection efficiency for LCP and RCP.
At a deflection angle of 45°, the efficiency for RCP drops to zero, and therefore a RCP input will
pass through PBOE without deflection or change of polarization state. Along this route, Gao et al.
[47] demonstrated a high-efficiency 40° deflector with dual-twist structure, and therefore the result
resembles that of the no-twist PBD, i.e., same high efficiency deflection in opposite direction for
RCP and LCP. Though HLPBDs provide can allow good in- and out-coupling for waveguidebased AR device, as a phase-based grating, it also affects the real-world light on the waveguide
output side, since the modulation is phase-based.

Figure 21: An example of a HLPBD with d = 1.37 µm and Δn = 0.2, showing the requirement on
Pz for different deflection angle to maintain a high-efficiency deflection for LCP. Due to the
asymmetry, for RCP the efficiency drops quickly to zero at 45° deflection. At this deflection angle,
the RCP travel through PBD without deflection and change in polarization state.
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4.8 Large-angle reflective PBOEs
Instead of deflecting light in a transmissive fashion, a unique type of deflector, also referred
to as reflective polarizing volumetric gratings (RPVGs) [52, 53], incorporates a higher degree of
twist along z-axis (i.e., much smaller Pz, as shown in Fig. 22(a)) to deflect light in a reflective
manner. Although the structure is somewhat similar to that of large-angle PBDs described above,
the principle behind the deflection is completely different. Instead of modulating the phase of the
input light, the RPVGs deflect light through Bragg reflection (or slanted multilayer reflection).
This difference manifests when we take a closer look into the efficiency as a function of film
thickness. As shown in Fig. 22(b), we compare a 40° deflection at 550 nm for a HLPBD and a
RPVG with both Δn = 0.2 at different film thickness. Note that in this case the Pz for HLPBD is
8.05 µm, while for RPVG is 0.4 µm. For HLPBDs, the efficiency drops when the thickness
increases over the first optimal thickness, while for a RPVG, the efficiency increases
monotonically with thickness (number of layers). As the thickness increases beyond 2.8 µm, the
efficiency is over 98%.
In contrast to conventional HGs, RPVGs can have much higher index contrast and
therefore exhibit higher efficiency and wider acceptance angle. One major difference between
RPVGs and HGs is the polarization selectivity. Since HGs are essentially slanted multi-layers
made of different isotropic materials, they are polarization-independent. On the other hand,
RPVGs are uniaxial crystals with slanted helical axis, allowing deflection only for one circularly
polarized light while the other polarization will transmit through. This not only increase the overall
transmittance of the real world light but also allow the realization of a single-panel AR headset.
As shown in Fig. 23, Weng et al. [52] proposed an exemplary setup, by switching between LCP
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and RCP through a polarization rotator disposed on the output side of the display panel, light can
be guided to the user’s left eye and right eye in a time sequential manner. Therefore, it reduces the
number of display panel needed for the headset, allowing a smaller form factor.

Figure 22: (a) A schematic illustration of a RPVG. The twist of director in both x and z axis result
in an effective slanted multi-layer structure for the circular polarized light with same handedness.
(b) A comparison between HLPBD and RPVG with deflection angle of 40° at 550 nm, in a glass
of n = 1.57. The material has Δn = 0.2 and the vertical pitch Pz are 8.05 µm and 0.4 µm for HLPBD
and RPVG, respectively. By increasing film thickness, the efficiency of HLPBD oscillates, while
for RPVG, it grows monotonically.

Figure 23: A schematic setup for single-panel AR device. The output from micro-display was
collimated and sent through a polarization rotator that switch quickly between LCP (blue) and
RCP (red). Due to the selectivity of RPVG, the displayed image can be sent to left and right eye
in a time-sequential fashion.
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4.9 Conclusion
We have reviewed the recent progress on Pancharatnam—Berry phase holographic optical
elements and stressed on practical applications. The unique properties of PBOEs allow fast and
high-efficiency switchable lenses for modulation of image distance. By introducing twist structure
along z-axis, high efficiency across the entire visible wavelength can be obtained. For the
application on thin waveguide couplers in AR devices, large-angle high-efficiency beam deflection
can be achieved through matching the phase condition, by properly controlling the twist angle,
both transmissive and reflective large-angle deflection can be realized. In all, recent developments
in PBOEs show promising potentials for accommodation-matched and highly efficient headmounted devices. In the next sections, we will present our work on applying these PBOEs for neareye display applications.
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CHAPTER FIVE: RESOLUTION ENHANCEMENT BASED ON
PBOES
5.1 Introduction
The recent rapid growth of near-eye virtual reality (VR) and augmented reality (AR) has
accelerated the demand for a display system with high angular resolution and large field of view
(FOV). To achieve a FOV of around 100°, the current angular resolution of commercial VR
displays lies at around 6 arcmin, while the acuity of a normal person with 20/20 vision is about 1
arcmin. As a result, clear pixels (also known as screen door effect) can be observed by most users,
rendering it difficult to achieve fully immersive experience in the virtual contents. To enhance
resolution at a fixed FOV, extensive efforts have been spent to increase the number of pixels on
small display panels up to 3k by 3k for each eye. However, to achieve 1-arcmin resolution a display
with 6k by 6k pixels for each eye will eventually be needed. Such a high pixel density would post
challenges not only to device fabrication, but also to driving electronics because of the much
shorter addressing time for each scan line. For a transmissive liquid crystal display (LCD), this
also results in smaller aperture ratio and lower transmittance.
To address the resolution density issue, in addition to increase the number of pixels, several
approaches [54−58] have been developed to shift the image by a fraction of the pixel width and
computationally generate corresponding images to achieve high resolution. These earlier studies
mainly focus on cameras or projectors. By exploiting a mechanical image shifter to slightly shift
the image in temporal domain, Allen et al. demonstrated a high-resolution projection display [54].
Such a mechanical image shifter works well for projectors, but for near-eye displays this will
inevitably increase the form factor, and moreover it is undesirable for the user to feel the vibration
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from the wearable device. To avoid mechanical movement, another approach is to look into
optically overlaying or stacking displays. While it provides enhanced resolution, using multiple
panels often result in complicated system integration, diffraction, and decreased transmittance.
5.2 Pixel shifting based on PBOEs
We propose a simple method by exploiting fast-switching Pancharatnam-Berry deflectors
(PBDs) as a non-mechanical image shifter to increase the display resolution. Through switchingon and -off the PBD, synchronizing with computationally generated sub-frame images, we
demonstrated an enhanced resolution with minimal increase in system complexity.
PBD is a single-order phase grating with high diffraction efficiency. The structure of PBD
consists of patterned half-wave plates with in-plane variation in the crystal axis, denoted as ϕ(x,
y). With a circularly polarized input light, Jones calculus can be established as given in Eq. (4.2).
It indicates the angle of crystal axis ϕ(x, y) will translate into wavefront delay of 2ϕ for a circularly
polarized input light. For example, in Fig. 24(a), when the crystal axis rotates by 180° spatially
along x-axis in a linear fashion (denoted as Px/2), the wavefront delay for a circular input light also
changes linearly and reaches 360° (2π). The mathematical formulation of the in-plane crystal axis
ϕ(x, y) can be expressed as:

 ( x, y )  (2 / Px ) x.

(5.1)

The linear wavefront delay is then simply 2 ( x, y)  4 x. As it provides a linear wavefront delay,
Px

PBD is a high-efficiency phase grating with only one diffraction order if the input light is circularly
polarized. A PBD deflects light through diffraction and the deflection angle (θ) can be described
by Eq. (4.6).
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Such a beam deflection can be exploited to shift the display pixels. Let us assume a
commercial VR headset has an angular resolution of 6 arcmin. To shift half pixel in angular space
diagonally (along 45°), a deflection of 3 / sin(45°) ≅ 4.2 arcmin will be needed. Because the
required deflection angle is small, the difference in deflection angle for different visible
wavelengths can be neglected.

Figure 24: (a) Top view of the LC director (i.e., optical axis, ϕ) distribution in a PBD, where the
LC director rotates by 180° is defined as half a period, Px/2. Inset: the definition of optical axis ϕ
where the LC molecules are represented as an ellipse and the longer axis of the ellipse is the optical
axis. (b) The measured turn-on time is 0.4 ms and turn-off time is 0.8 ms.
From Eq. (4.2), the wavefront delay has an opposite sign for the left- and right-circularly
polarized (LCP and RCP) lights. This indicates that the PBD is polarization dependent. If the LCP
input is deflected by 4.2 arcmin, then the RCP will be deflected by −4.2 arcmin. Therefore, in
many cases it is desirable to adapt a display with circularly polarized output light.
To demonstrate feasibility, in experiment we employed an electrically switchable PBD. In
a voltage-on state, the nematic liquid crystal (LC) directors are reoriented to be vertical to the
substrate. As a result, the incident light experiences no phase change. In this voltage-on state, the
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beam is not deflected, and we refer to this case as original state. When the voltage is released, the
LC directors follow the surface alignment as shown in Fig. 24(a), and the light will be deflected.
We refer to this state as shifted state.
A fast-switching PBD is needed to shift the pixels between the original state (denoted as
sub-frame 1) and the shifted state (sub-frame 2). This shift will allow enhanced resolution through
computationally calculating the correct image to be displayed for each sub-frame.
5.3 Fabrication of PBDs
In experiment, we fabricated a fast-switching PBD by interference exposure. The cleaned
ITO-glass substrates were first spin-coated with a thin photoalignment layer (PAAD-72 from
BEAM Company). These two substrates were sealed to form a 1.8-μm cell gap. A Mach-Zehnder
interferometer (=442 nm, He-Cd laser) was set up to expose the sealed sample with two opposite
circularly polarized beams from each arm interfering on the sample at an angle of 0.053° (3.2
arcmin). After exposure for a dosage of 3 J/cm2, we infiltrated a low-viscosity LC mixture UCFPB1 into the cell. The physical properties of UCF-PB1 are listed as follows: Δn = 0.14 at =532
nm, dielectric anisotropy Δ = 3.0, and visco-elastic constant γ1/K11 = 3.3 ms/m2 at 22°C. The
LC cell has a half period of 475 µm (across which the crystal axis rotates by 180°), resulting in a
deflection angle of 3.85 arcmin at =532 nm at the voltage-off state. Such a deflection angle is
chosen in order to shift diagonally a 5.4-arcmin pixel by half period. By applying a voltage of 7
Vrms (voltage-on state), the LC directors are reoriented perpendicular to the substrates, becoming
optically transparent so that the incident light does not deflect.
To measure the switching time of our PBD, we sent a He-Ne laser beam (=633 nm) to the
sample at normal incidence, and positioned a photodetector and an iris at 2 meters away from the
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PBD. When the voltage on the PBD was turned off, the laser beam was deflected and received by
the detector. When the voltage was turned on, the laser beam was not deflected and blocked by the
iris. Due to the low viscosity of the employed LC material and thin cell gap, the switching time
between zeroth order and first order was less than 1 ms, as shown in Fig. 24(b).
5.4 Rendering for time-multiplexed high-resolution images

Figure 25: (a) The experimental setup for enhancing resolution with a PBD. (b) The pixel
illustration of original display (sub-frame 1), shifted display (sub-frame 2) and the combined pixels.
To generate enhanced resolution, a display panel was synchronized to the PBD. As PBD
is switched to the original state, sub-frame image 1 is displayed on the panel, and as PBD is
switched to the shifted state, sub-frame image 2 is displayed on the panel. These two
computationally generated sub-frame images 1 and 2 displayed on the original and shifted displays
are added in brightness when perceived by human eyes when the switching rate is sufficiently high.
The system setup is shown in Fig. 25(a); it consists of a display magnified with a lens and
then shifted by a PBD. The outgoing light from the display panel is circularly polarized. Let us
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illustrate the working principle of pixel-shifting with some pixels, as Fig. 25(a) depicts. The output
ray is denoted as red lines. As it traverses through the PBD at voltage-on state, the light is not
deflected and the original display is observed. As the PBD switches to the voltage-off state, the
light is deflected and is denoted as blue rays. Under such a condition, the observer sees effectively
the shifted pixels as coming from the dashed blue lines. The shifting occurs for all pixels and
therefore a PBD can be exploited as an image shifter.
To illustrate the computational method for calculating correct sub-frame images, we adopt
linear least-square method as described below, although other methods may also be used. Let us
assume a low-resolution physical display panel with 5×5 pixels, as shown in Fig. 25(b). The
original display with square pixels are plotted in red, and the shifted display pixels are plotted in
blue. Pixels 1 through 25 are labeled for the original display, while 26 through 50 for the shifted
display. We express the pixels on sub-frames 1 and 2 in sequence as a column vector F50×1 (see
red and blue indices in Fig. 25(b)). The combined image due to the fast-switching PBD forms a
high-resolution grid (10×10) with pixels labeled 1’ through 100’, and we express it as a column
vector T’100×1 (see black indices in Fig. 25(b)). The temporal pixel-shift by switching of PBD
results in an additive brightness as human eye integrates the two sub-frames. From Fig. 25(b), we
can establish this additive correlation between the combined image (T’100×1) and sub-frames 1 and
2 (F50×1). For example, pixels #7 and #32 jointly decide pixel #34’, i.e. brightness of #34’ = #7 +
#32, and #35’ = #8 + #32, and so on. This additive correlation is then expressed as a correlation
matrix M100×50.
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Figure 26: An illustration of the matrix form of adding low-resolution time-multiplexed display
(F) to yield the combined image (T’). The correlation matrix M essentially performs an addition
operation. For example, the 34th row of M adds element #7 and #32 in F to yield element #34’ in
T’. Therefore, only 7th and 32nd elements in 34th row are 1, and all other are zero.
Therefore, as illustrated in Fig. 26, the relation between combined image (T’) and subframes 1 and 2 (F), can be written as:
T '4N×1  M 4N×2N F2N×1 .

(5.2)

Here we denote the pixel number of low-resolution panel by N (N = 5×5 = 25 in this illustration).
Eq. (5.2) simply states an additive relation between F and T’; i.e. the brightness of every pixel in
the combined image is the sum of two relevant low-resolution pixels; the correlation matrix, M,
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essentially performs an addition. After sorting out the correct form of M, we can input a highresolution target image to calculate the correct images to be displayed in the low-resolution subframes 1 and 2 (i.e. vector F).
Let us assume we have a high-resolution target image (at twice the resolution of the lowresolution physical display panel) to be displayed, denoting the high-resolution target image as
vector T100×1. We need to find the correct images to display for each sub-frames (vector F), that
minimize the difference between the combined display image (T’) and the high-resolution image
(T), i.e.:
arg min
F

1
2
M 4N×2N F2N×1  T4N×1 2 .
2

(5.3)

This is the standard linear least-squares problem and there are many developed methods
for solving this type of problems. Here we use the built-in Matlab function lsqlin. M (correlation
matrix) and T (target high-resolution image) are known, and through lsqlin solver, finally we can
obtain F, which is the two sub-frame images to be displayed on the original and shifted lowresolution panel. The red, green and blue channel are calculated separately and then combined to
obtain color images. Note that a constraint for F was applied for lsqlin solver requiring every
element being larger than 0 for there are no negative brightness. Also, note that in the computation,
the pixel values are first decoded by a power of 2.2 (gamma correction) to get relative brightness,
and then after solving the least-squares problem, encoded by a power of 1/2.2. Otherwise, direct
addition of pixel values yields false results (since eye sees additive brightness, not additive pixel
values).
This computation solves an overdetermined problem with 4N constrains and 2N variables,
where N is the total number of pixels on the physical low-resolution panel. This means that the
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improvement in resolution will be less for a fully randomized image (“white noise” image). Yet in
regular images, adjacent pixels usually have similar pixel values, which relieves the constraint and
allows better result which is closer to the target high-resolution image. Also, it is not necessary to
perform computation on all pixels since the high-resolution region in human eye actually restricts
to only a very small field of view close to the fovea.

Figure 27: The computed images for (a) sub-frame 1 and (b) sub-frame 2.
The computed images, using a ‘Siemens star’ as an example, are shown in Fig. 27(a) and
Fig. 27(b); they were used as sub-frame images 1 and 2, respectively. In Fig. 28, the image was
taken through the setup as explained in Fig 25(a). Since current commercially available
smartphone-sized displays does not have sufficiently high refresh rate, a 144-Hz monitor (VG248,
ASUS) was used in this experiment. A bi-convex lens (focal length = 10 cm) was chosen to
magnify the display panel to mimic commercial VR headsets with an angular size of 5.4 arcmin
for each pixel. A quarter-wave plate was placed after the lens to turn linearly polarized display
light into circular polarization. The PBD sample was placed in adjacent to the quarter-wave plate
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to shift the display by half pixel diagonally. A voltage of 7 Vrms (1 kHz square wave) was applied
and released at 72 Hz to switch between original display and shifted display (the PBD is on for
1/144 s and off for 1/144 s, repeatedly). The on-off cycle of PBD was synchronized with the
display panel, and the computed sub-frame image 1 (e.g. Fig. 27(a)) was displayed during PBDon state while sub-frame image 2 was displayed during PBD-off state (e.g. Fig. 27(b)). A camera
(Canon EOS Rebel T5i) was placed after the PBD to capture the enhanced images.
5.5 Experimental results
Comparing to the image displayed at original resolution (Fig. 28(a)), we can clearly see the
enhancement in resolution especially for those regions with curved or sloped contours, as shown
in Fig. 28(b). The upper image is the example of a ‘Siemens star,’ it is clearly seen that the pixels
in original resolution are much less visible than those in the enhanced resolution, and the
discontinuous boundary with pixel jumps are smoother after enhancement. The lower image is an
example of a lady. Similarly, the pixels are less discernible, and the eye of the lady becomes
smoother after enhancement. Note that the strips in the picture was a moiré pattern resulting from
spatial interference of camera and display pixels, and are not visible when directly observed with
human eyes. It is noticeable; however, the color representation and brightness is different after
enhancement. This shift in color can be corrected by taking into account the efficiency difference
of PBD at different wavelength and calibrating the correlation matrix M accordingly for the RGB
channels.
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Figure 28: The experimental result of images captured through a camera for (a) original resolution
and (b) enhanced resolution for (upper) a “Siemens star” resolution target and (lower) a lady. The
green rectangles enclose the magnified regions shown in the pictures. Note that the visible strips
are moiré pattern from the spatial interference of camera and display pixels. They are not visible
when directly seen with human eyes.
It should be mentioned that as a time-multiplexing display device, potential image quality
degradation may occur due to eye movement. When no eye-movement is involved, the two sub-
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frames imaged on the retina are well defined as discussed above. However, when eye-movement
is sufficiently fast, the sub-frames may not map to the ideal location on the retina, which could
result in blurred artifacts.
It is also important to note that the addition-based correlation matrix results in a subtle
decrease in brightness. This is because the brightness of a pixel was distributed into two sub-frames
with only half of the frame time. For example, in Fig. 25(b), assuming a high-resolution image at
pixel #34’ has a pixel value of 230 (a brightness of 2302.2 in arbitrary unit, a. u.), and it is computed
with Eq. (5.3) to have the pixel values of #7 being 200 and #32 being 125 (such that the summed
brightness being 2002.2+1252.2 ≌ 2302.2 a. u.) each for 1/144 s, then the integrated brightness over
time is only half (integrated brightness being 1/144 × 2002.2 +1/144 × 1252.2 in a. u.) comparing to
the case using an actual high-resolution physical panel with pixel being at 230 for 1/72 s (integrated
brightness being 1/72 × 2302.2 in a. u.), assuming the high-resolution physical panel has the same
maximum brightness as the low-resolution physical panel. It should be noted that even though the
effective brightness is reduced, the optical efficiency remains the same, because the loss in
brightness is only a result of computational rendering instead of extra optical absorption. This
reduction in brightness is accounted for in the comparison in Fig. 28 by reducing intensity by half
for the figures with original resolution (Fig. 28(a)).
5.6 Conclusion
In conclusion, using a PBD as pixel shifter, the effective display resolution can be enhanced.
This method allows simple integration to a near-eye display device, either augmented reality or
virtual reality, and only minimally increases the form factor. It can be integrated to different
display panels such as transmissive LCD, reflective liquid-crystal-on-silicon, reflective digital
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light processing (DLP), and emissive organic light emitting diode display, with a minimal refresh
rate of 120 Hz.
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CHAPTER SIX: HIGH-EFFICIENCY WAVEGUIDE COUPLERS
BASED ON PBOES
6.1 Introduction
Augmented reality (AR) displays, such as Microsoft HoloLens [59] and Magic Leap One,
are emerging rapidly in recent years. Such a see-through device overlays the environment and the
displayed information with an optical combiner. To enable a slim design, waveguide-based
combiners have been investigated [60, 61]. In this type of device, the display light is collimated
and deflected into thin waveguides through an input-coupler. After traveling to the viewing region
through total internal reflection, the light is again deflected toward the observer’s eye by an outputcoupler. The input- and output-couplers are large-angle deflectors that are currently made with
holographic volume gratings and surface-relive gratings. Common holographic volume gratings
are isotropic materials with alternative slanted layers of high and low refractive indices. The
angular bandwidth for a single holographic volume grating is determined by the index contrast. As
reported in [62], holographic volume gratings based on dichromated gelatin can provide an index
contrast as high as 0.15; however, dichromated gelatin-based holographic volume gratings are
sensitive to environmental conditions such as humidity and temperature and are therefore unstable
for commercial applications. Nowadays, most of the design adopted photo-polymers as recording
media with index contrast around 0.035 [63]. As a result, the deflection has a high
angle/wavelength selectivity. This allows almost 100% transmittance of the environment light;
however, this also translates into a very low efficiency for the display light, causing a high-power
consumption. To widen the field of view while maintaining flat profile, multiple layers of
holographic volume gratings are exploited. This not only reduces the transmittance but also greatly
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increases the device cost. The polarization-sensitive counterpart of holographic gratings, often
referred to the holographic polymer-dispersed liquid crystals [64, 65], exploit birefringent
electrically responsive liquid crystal materials and therefore can allow switchable grating couplers
with higher index contrast. Fabrication challenges exist for high quality holographic gratings and
holographic polymer-dispersed liquid crystals due to the inhomogeneity induced during the
diffusion process, resulting in optical imperfections in the structure [65]. Surface relief gratings,
on the other hand, exploiting alternate air-polymer slanted structure, and therefore can theoretically
achieve a higher index contrast with better efficiency with large angular acceptance. However, it
is challenging to achieve ideal optical efficiency in mass production due to the difficulty in
replicating oblique high-aspect-ratio grooves.
Recently, extensive work has been attempted to applying Pancharatnam-Berry deflectors
(PBDs) for waveguide coupling [44, 45, 66–71]. The transmissive PBDs show promising high
efficiency and are relatively easy to fabricate, in comparison with surface relief gratings. However,
the transmissive PBDs will partially diffract the ambient light into the observer’s eye and therefore
are more suitable to work as input-couplers rather than output-couplers. Reflective PBDs, due to
their physical properties, are also referred to as reflective polarization volume gratings (reflective
PVGs). They reflect the environment light away from the observer’s eye and provide clear cut-off
wavelength similar to reflective holographic volume gratings, and therefore are more suitable for
output-couplers. The polarization dependency also allows for higher coupling efficiency. The
pioneering work on reflective PBDs has been done by Kobashi et al [53, 69], and yet the deflection
angle and the efficiency are still limited and insufficient for applications in AR waveguides.
In this Section, we experimentally demonstrate a high efficiency, large deflection angle
waveguide coupler based on reflective PVGs. In a reflective PVG, liquid crystal (LC) is aligned
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in a helical twist with helix axis vertical to the substrate, as shown in Fig. 29(a). The in-plane
periodicity Λx from the alignment layer and the vertical periodicity Λz (helical pitch

Pz  2 z )

are

related to the Bragg periodicity ΛB as:
 x   B / sin s
,

 z   B / cos s

(6.1)

where ϕs corresponds to the slant angle, which is the angle between the grating vector k and the
vertical axis, as denoted in Fig. 29(a). The slow-axis of LC molecule, represented as the long axis
of ellipsoids in Fig. 35(a), ρ(x, y) follows the expression (uniform along z-axis):

 ( x, z) 


x

x


z

z.

(6.2)

A proper helical period should be chosen to allow the highest deflection efficiency at
designated wavelength. The deflection central wavelength λB is described by:

B  2neff  B cos i ,

(6.3)

where θi represents the incident angle with respect to the slant angle (e.g., at normal incidence,
i  s ), neff is the effective refractive index, with neff  (ne2  2no2 ) / 3, and ne and no are the

extraordinary and ordinary refractive indices, respectively.
Equations (6.1) and (6.3) are like those of holographic gratings, indicating that reflective
PVGs in its essence resembles a slanted multi-layer structure for circularly polarized light with the
same handedness as the helical twist. Due to the inherent high index contrast (>0.15), these
reflective PVGs provide high efficiency with large reflection bandwidth. The thickness of PVG
layer is directly related to the efficiency, as simulated through finite-element method (FEM) [52].
As shown in Fig. 29(b), the 3-µm thick PVG effectively deflects 95% of the incident light. We
experimentally verified the relation between coupling efficiency and thickness of the PVG film
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and investigated the spectral behavior at different thickness and incident angle. We validated the
possibility to extend the bandwidth through multi-helical periodicity and demonstrated a wide
band deflection PVG. The angular behaviors were also investigated.

Figure 29: (a) The schematic plot of a reflective PVG with in-plane periodicity denoted as Λx,
vertical periodicity as Λz (helical pitch Pz = 2Λz), the grating vector as k, and the slant angle being
ϕs. For a normal incidence, the deflection angle is 2ϕs. (b) The FEM simulation with a circularly
polarized light entering from glass onto a 3-µm thick PVG layer at normal incidence (Δn = 0.18,
Λx = 540 nm, Λz = 250 nm and λ = 650 nm).
6.2 Fabrication of reflective PVGs
To fabricate reflective PVGs, we spin-coated photo-alignment material Brilliant yellow
(0.4 wt%) dissolved in dimethylformamide (DMF) [70] onto cleaned glass substrates at 800 rpm
for 5 s and then 3,000 rpm for 30 s to create uniform thin films on the substrates. The films were
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dried on a hotplate at 120 °C for 30 minutes. These substrates were then subjected to the 442-nm
interference exposure (He-Cd laser, Kimmon). The optical setup is shown in Fig. 30.
The beam from a linearly polarized He-Cd laser was split into two paths with a nonpolarizing beam splitter (NPBS). They were then sent through a quarter-wave plate (QWP) to
generate two opposite-handed circularly polarized beams. These two beams were aligned to make
an angle   55 onto the coated substrate to generate a periodicity Λx ≅ 540 nm. The exposure
dosage was 3 J/cm2. The chiral twist LC polymer precursor consists of 1.47 wt% of R5011, 5 wt%
of Irgacure 651 and 93.6 wt% of RM257 to generate a vertical periodicity Λz  250 nm. It was
diluted in toluene at 1:9 in weight and was spin-coated onto the exposed substrates at 2000 rpm
for 30 s. The coated substrate was then cured with UV light at a dosage of 2.5 J/cm2 in nitrogen
environment. Then it was repeatedly coated and cured until sufficient thickness was achieved. To
measure the diffraction efficiency, we placed the sample on a spectrometer with circularly
polarized light at normal incidence. The spectra were normalized to that of a blank glass slide. It
is confirmed that minimal scattering loss exists since the transmittance outside the reflection
bandwidth approaches 100%. Therefore, the drop in transmission is attributed to deflection
efficiency of PVG. To simulate the PVG properties, we exploit a rigorous model based on FEM
using the COMSOL Multiphysics, which is a commercial finite element package [52].
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Figure 30: The setup for interference exposure process. The beam from linearly polarized He-Cd
laser was filtered, collimated and split into two paths with a non-polarizing beam splitter (NPBS).
They were then sent through quarter wave plates (QWPs) to form two opposite-handed circularly
polarized light beams and interfere at an angle of α = 55° at the sample.
6.3 Effect of film thickness on PVGs
Figure 31 shows the relation between total thickness of PVG film and the coupling
efficiency. The theoretical analysis shows that the efficiency approaches 100% at 4 µm, and
becomes insensitive to film thickness beyond 4 µm (i.e., maintain nearly 100%). As expected, the
experimental result showed that the efficiency grows monotonically as the thickness increases, and
the coupling efficiency reaches 90% when the thickness increases to 2.9 µm. Although the
experimental result is slightly lower than that expected from simulation, the trend largely agrees.
The main contribution to the slight discrepancy is presumably the non-perfect helix structure, since
when spin-coated, the upper boundary of the LC layer is not anchored. Therefore, the effective
good-alignment region may be slightly thinner than the measured one. As indicated in Fig. 31, the
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efficiency can be further increased to approaching 100% by increasing the thickness to 4-5 m. It
is important to note that the efficiency is only for circularly polarized input and the opposite
circular polarization can fully transmit through the PVG. This provides high transmittance of the
ambient light which is especially important for see-through optics. The inset of Fig. 31 is a photo
taken under room light (with roughly 25° incidence angle) showing the reflection of a 2.9-µm
sample at roughly 55°, since at normal angle the light will be guided into the glass substrate. The
PVG region was marked with a blue enclosure. The PVG region appears orange, at this specific
angle, and the apparent deflection color varies at different angle. The angular dependency will be
discussion in the latter section.

Figure 31: Measured and simulated diffraction efficiency at =650 nm and different thickness of
PVG film. A fair agreement is observed. Inset: a 2.9-µm sample viewed from an oblique angle
with the PVG region circled by the blue line.
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Figure 32(a) depicts the measured transmission spectra at different PVG thicknesses with
a circularly polarized light. The major contribution in transmission drop can be contributed to
beam deflection of PVG, scattering and absorption. While the former one is centered at Bragg
wavelength (here at 650 nm), the latter two usually have broader bandwidth. From the high
transmittance in side band (say, around 560 nm), it can be seen that the scattering and absorption
are very minimal. As the thickness increases, the reflection bandwidth decreases while the
efficiency increases. As the thickness approaches 3 µm, a clear reflection band is formed with its
central wavelength located at around 650 nm. The peak efficiency was roughly 90%. Figure 32(b)
shows a photo taken through the 2.9-µm sample. The distance between PVG to camera was 1 cm,
and the target was 10 cm away. The clear image seen through the PVG region (in blue enclosure)
indicates low scattering of the PVG film. Due to the handedness selectivity, at the reflection band,
this allows more than 50% transmission of the ambient light even when the circularly polarized
input was out-coupled at 90% efficiency. This along with the clear cut-off in reflection bandwidth
allows high transmission and therefore the background can still be clearly seen. As the light in the
reflection band does not travel to the observer’s eye, this also avoids ghost imaging, as oppose to
the case of transmissive PVGs.
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Figure 32: (a) The transmission spectra for PVG samples with different film thickness. The
deflection angle (in glass) was roughly 50° at 650 nm. A clear reduction in bandwidth is observed,
while the reflection efficiency increases significantly as the thickness increases to 2.9 µm. (b) A
photo taken through the PVG sample with 2.9-µm thickness. PVG region is circled in the blue line.
The distance between PVG to camera was 1 cm, and the target was 10 cm away.
6.4 Angular acceptance of PVGs
The angular dependent reflection band was measured as Fig. 33(a) shows. As the incident
angle increases from 0° to 20°, the bandwidth shifts toward shorter wavelength, and when the
angle decreases to −20°, the bandwidth shifts toward the longer wavelength side. The asymmetry
is introduced through the slanted structure similar to the case of conventional holographic gratings.
The corresponding angular spectrum at 650 nm is shown in Fig. 33(b). The angular dependency is
plotted in Fig. 34 in terms of the shift in maximal reflection wavelength. The shift in wavelength
fits well with Eq. (6.3). The angular dependency results in color shift of the display image after
propagating toward the viewing region, and it is therefore important to optimize the bandwidth
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properly by controlling the birefringence of the liquid crystal material and also compensate colors
through software compensation methods [71].

Figure 33: (a) Measured transmission spectra of a PVG sample at different incident angles (from
air). (b) Measured deflection efficiency at 650 nm at different incident angle (from air).

Figure 34: The central wavelength versus the incident angle (from air).
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6.5 Broadband PVGs
For augmented reality couplers, it is desirable to have a finite bandwidth to prevent crosstalk between red, green and blue waveguides. Yet for general optics and photonic applications,
wide bandwidth may be desirable. The ability to control the composition in each coated LC layer
allows us to engineer the desired spectral behavior for reflective PVGs and extend the reflection
bandwidth. By coating the LC precursor with three different concentrations of chiral materials (in
this case, 1.4 wt%, 1.8 wt% and 2.2 wt%, each coated for 5 layers with the 1.8wt% and 2.2 wt%
precursors further diluted to 1:19 in Toluene). As shown in Fig. 35, the three-period sample
exhibits a wider reflection band. The band centered at ~500 nm is the overlapped result from the
precursors with 1.8 wt% and 2.2 wt% chiral materials, while the reflection band centered at ~675
nm originates from the precursor with 1.4 wt% chiral material.

Figure 35: The spectra of the single-period (single periodicity along vertical axis) sample and
three-period sample, showing the capability to extend the reflection band using this fabrication
process.
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6.6 Polarization properties of slanted and planar PVGs

Figure 36: The molecular profile of (a) planar polarization volume grating and (b) slanted
polarization volume gratings.
We investigate the optical properties of two different types of reflective PVGs categorized
by its axis distribution: planar PVG and slanted PVG. Planar PVGs, as shown in Fig. 36(a), have
helical axis vertical to the substrate and the tilt angle of LC molecules are zero across the structure.
The previously demonstrated PVGs belongs to this category, and yet the other configuration is
also possible, as shown in Fig. 36(b). We refer to this orientation profile as a slanted PVG (or a
slanted cholesteric liquid crystal), exhibiting uniform molecular rotation with respect to a slanted
helical axis. We will investigate the difference in their optical properties in the following sections.
In Fig. 37(a), as expected for a Bragg grating, the increment in film thickness leads to an
increased diffraction efficiency. The efficiency is very similar for planar and slanted PVG at the
same thickness. To investigate the polarizing property, we use Stokes parameter S3 as an indicator.
In this work, S3 is defined as the difference in intensities of right-handed circularly polarized light
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versus left-handed circularly polarized light. As shown in Fig. 37(b), we observed a major
difference in the Stokes parameter S3 between slanted and planar PVGs. Although both S3 decrease
as thickness increases, the slanted PVG has a much higher S3 at near unity, indicating the diffracted
light is nearly circularly polarized. On the other hand, the diffracted light from planar PVG
significantly deviates from the circular polarization. Interestingly, the experimental result agrees
very well with the simulated one of slanted PVGs. This is different from the previously reported
result for large horizontal periodicity Px, and therefore it indicates that when the Px is sufficiently
small, the minimized free-energy prefers a slanted-PVG profile as oppose to a planar one. The
PVG fabricated in this manner can be approximated as a diffractive circular polarizer.

Figure 37: (a) The optical efficiency of PVGs as a function of film thickness. (b) The Stokes
parameters S3 as a function of film thickness. Solid line: Slanted PVGs; dashed line: planar PVGs.
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The simulated grating efficiency for different input polarization state is shown in Fig. 38.
The input polarization states are expressed in Jones matrix in local coordinate as:
 cos  s 
,
J 
i s 
sin  s  e 

(6.4)

where αs and βs are phase angles of the polarization state.
Both planar PVG (Fig. 38(a)) and slanted PVG (Fig. 38(b)) has minimal efficiency near
left-handed circularly polarized input (αs = 45°, βs =270°) and highest efficiency near right-handed
circularly polarized input (αs = 45°, βs = 90°). It is noteworthy that the highest and lowest efficiency
states for slanted PVG slightly deviate from the circularly polarized state, resulting in asymmetric
efficiency for linearly polarized light. This suggests that slanted PVGs are sensitive to the
polarization angle of linearly polarized light.
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Figure 38: The normalized grating efficiency with for different input polarization states
(expressed in αs and βs as defined in Eq. 4) for (a) planar PVGs and (b) slanted PVGs. Film
thickness: 2µm.
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Figure 39: The transmittance of a 2-µm PVG as a function of input polarizer angle.
In Fig. 39, the grating transmittance was measured as a function of input polarizer angle
using a 2.0 µm PVG sample measured with an unpolarized source at 532 nm. Due to the asymmetry
found in Fig. 38, the transmission of slanted PVG is sensitive to polarization angle, while the
planar PVG is rather insensitive. A good agreement was found when comparing the experimental
result to the simulated slanted PVG. This again confirms the PVG fabricated following this method
exhibits a slanted structure. This measurement can serve as a simple method to differentiate slanted
and planar polarization volume grating.
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Figure 40: The spectral behavior of optical efficiency and S3 of a 2.0-μm (a) planar PVG and (b)
a slanted PVG.
The spectral behavior of efficiency and S3 were investigated for slanted and planar PVGs,
as shown in Fig. 40. As designed, the central wavelength peaks at 532 nm at normal incidence.
The efficiency performance is very similar between slanted and planar samples at the same
thickness. Yet again, the slanted PVGs preserve the light at right-handed circularly polarized state
more effectively comparing to the planar PVGs. At regions with low or rapid-changing efficiency,
drastic change in polarization state are observed for all samples, which is a typical behavior for
cholesteric structures.
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Figure 41: The angular behavior of optical efficiency and S3 of a 2.0-μm (a) planar PVG and (b)
a slanted PVG.
The efficiency and S3 at different incident angle are shown in Fig. 41. Note that the incident
angle is defined in the n=1.58 media. As the structure is by nature asymmetric (the Bragg plane is
tilted along one direction), the angular performance is also asymmetric. Although planar PVGs
deviate more significantly from circular polarization state, similar trend is also found in slanted
PVGs. This suggests that as an input coupler, the variation in polarization state at different angle
is non-negligible and careful consideration is required when utilized in a waveguide-coupling
scenario.
In all, even though the efficiency of slanted and planar PVGs are quite similar, we can still
identify significant difference between these two configurations in their polarizing properties. In
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all cases, the slanted configuration tends to maintain circular polarization state for the first-order
diffraction, and therefore works as a diffractive circular polarizer. On the other hand, the planar
structure provides more retardance toward the diffracted light. From the agreement between
simulation and experiment, we conclude that for RM257, at short in-plane periodicity (440 nm), a
slanted pattern is preferred for the minimized free energy.
6.7 Conclusion
We have experimentally demonstrated a high-efficiency beam deflection and coupling with
reflective PVGs. The efficiency is 90% with an in-glass deflection angle of 50° at λ = 650 nm. By
increasing the film thickness, the efficiency can be increased to over 95%. The angular dependent
Bragg reflection agrees well with theory, and the reflection spectra can be engineered by
controlling the helix period for each layer. We demonstrated a three-period PVG with a wide
reflection band covering red, green and blue regions. We verified that at short horizontal
periodicity (440 nm), the preferred molecular orientation is slanted PVG. The fabricated reflective
PVGs show high efficiency and optical clarity and it has good potential for waveguide coupling
applications in augmented reality couplers and other photonic devices.
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CHAPTER SEVEN: APPLICATION OF PBOES FOR COMPACT
NEAR-EYE DISPLAYS
7.1 Introduction
The application of PancharatnamBerry phase optical elements (PBOEs) on AR/VR
applications show promising performance without introducing overly complicated/bulky
components. The on-axis performance can be easily derived with Jones Matrix, and yet the offaxis performance especially the output polarization state and diffraction efficiency for both PB
gratings and PB lenses remains a challenging task. For systematic integration of these optical
elements, it is necessary to sort out these subjects. In the future, we will focus on these subjects
and evaluate the performance of an integrated near-eye display system.
The specific system under investigation is a compact and lightweight optical system for
AR displays with depth information using PancharatnamBerry optical elements as a deflector
(PBD) or as a lens (PBL). Our approach promises a more compact design and better functionality
for the near-eye displays.
A reflective PBD can be viewed as a polarization-selective holographic grating. The liquid
crystal orientation in a PBD forms a Bragg grating (Fig. 42(a)). Let us assume the left-handed
circularly polarized (LCP) light is deflected (Fig. 42(b)), then the RCP will pass through at almost
100% efficiency (Fig. 42(c)). These types of deflection grating couplers have flexible selection of
index contrast due to the wide versatility of liquid crystal polymer materials.
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Figure 42: (a) The molecular director variation in x-z plane (translational symmetric along y axis).
(b) The LCP input (from top) is deflected toward the right and (c) the RCP input is not deflected.
On the other hand, a transmissive PBL is essentially a patterned half-wave plate with
encoded parabolic phase profile. Depending on the handedness of the input circularly polarized
light, a PBL can focus or defocus the light. Therefore, by combining PBLs with polarization
rotators, the focusing power can be electrically switched between two focal lengths: +f0 and −f0
(on- and off-states). It is straightforward to add a refractive lens to offset the focusing power to
desired values. By stacking N PBLs with polarization rotators, 2N switchable states can be
achieved. In this case, the polarization of the light must be carefully analyzed to prevent possible
ghost image from the PBL. To ensure high efficiency, the linearly polarized light needed to be
convert to circularly polarized light as it enters PBLs. Therefore, the three PBLs are sandwiched
by broadband quarter-wave plates (white blocks). By placing three sets of TN-PBL in sequence,
switching of 8 focal lengths can be achieved. The stacking of multiple TN-PBL sets, however,
requires complicated polarization calculation as TN is known for its narrow viewing angle. The
repeating sets of TN-PBL therefore further narrow down the viewing region outside of which there
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will be obvious ghost images. It is possible to replace TN with angular-compensated liquid crystal
components to alleviate this issue.
7.2 Schematics of a compact near-eye display with depth adaption

Figure 43: The optical design based on PBLs and PBDs.
Based on the PBL and PBD described above, we propose an optical design shown in Fig.
43. The light source, or a light guide plate, generates uniform light output, which is reflected by a
PBS toward an LCoS (Liquid Crystal-on-Silicon) panel. The displayed content is then reflected
toward a broadband quarter-wave plate (QWP) to convert the linearly polarized light into circularly
polarized light. The PBL stack consists of multiple PBLs with polarization rotators to switch
between multiple focusing powers to enable depth content. The total optical power of PBLs is less
than 3D to alleviate LCA caused by its diffractive nature. The light is then passed through PBD
due to the polarization selectivity. Upon reflection by the concave mirror, the handedness of the
polarization is flipped and then deflected by the PBD into the waveguide. The second PBD is
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disposed to deflect again and guide light into the viewing region. Figure 43 shows only one
waveguide, while multiple waveguides with spectral separation will also be considered and
compared.
7.3 Exit-pupil expansion based on polarization management
Also, as a result of polarization selectivity, we propose to realize the exit pupil expansion
(EPE) through polarization management. Assuming an input light of 100% from the right, to get
uniform output intensity, instead of controlling the diffraction efficiency (η) of out-coupler (Fig.
44(a)), we propose to control the polarization state as it encounters the PBD out-coupler (Fig.
44(b)). Such a polarization control instead of efficiency control allows uniform transmittance of
the environment light and therefore the device does not show gradient transmittance in appearance.
This is achieved by controlling the in-plane crystal axis (azimuthal angle, ϕ) of a LC film with
fixed thickness t as shown in the Fig. 44(b). Due to the maturity of photo-alignment and liquid
crystal polymer materials, precise control of LC film thickness and azimuthal angle distribution is
easy to achieve.

Figure 44: Illustrations of (a) conventional EPE and (b) proposed EPE.
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Figure 45: Polarization-based EPE at different LC azimuthal angle ϕ = 0° and ϕ = 45°. λ0 = 550
nm.

Figure 46: Output percentage of polarization-based EPE at different LC azimuthal angles and
wavelengths.
In Fig. 45, we show the capability of controlling the amount of out-coupling simply by
controlling the crystal axis ϕ of a 0.8-μm LC film. At ϕ = 0°, the out-coupling ratio is over 90%,
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and yet for ϕ = 45° the out-coupling ratio is reduced to 0%. Therefore, any number output
percentage in between can be achieved by setting the crystal axis at between 0° to 45°.
As shown in Fig. 46, the trend of out-coupling ratio can be roughly matched for three
primary colors when ϕ lies between 45° to 70°. In this region, the single-waveguide design can be
made possible. Better optimization to match the output ratio is under way. The use of PBD and
PBL allow compact on-axis optical design, and it enables the depth control of the display content.
The exit-pupil expansion can be realized through polarization management instead of gradient
efficiency, allowing uniform ambient transmittance.
7.4 Single primary optimization for one-dimensional expansion
Having three primaries sharing the same waveguide, however, decreases the field of view
of the apparatus. This is because the diffraction angle is different for each wavelength, and yet the
lowest angle allowed for TIR is the same (the highest angle is commonly set at 75~80°). For this
reason, three waveguides are commonly used to guide three primaries. It is therefore important to
solve for optimized azimuthal angle distribution for a single-primary waveguide. In this section,
we optimize for a one-dimensional exit-pupil-expansion at 532 nm. We define the polarization
management layer (a LC layer) as a layer adjacent to the out-coupling grating, and we divide it
into 5 sections. As shown in Fig. 47, we start with a one-dimensional design with collimated light
from −10° to 10°. The index of the waveguide is 1.56, and thus translates to an angle of −6.4° to
6.4° for light refracted into the waveguide. The in-coupler is 4.8 mm in width, the out-coupler is
14.3 mm in width, and the LC film is 16.7 mm in width. The LC film is separated into five different
sections with equal length and each of them has a different azimuthal angle ϕ. The film thickness
of the in-coupler is chosen at 2µm for an efficiency of 95% for right-handed circularly polarized
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light, and the out-coupler is chosen at 0.4µm for an efficiency of 20% for right-handed circularly
polarized light (and the transmittance for unpolarized environment light is 90%).
Six parameters are available for optimizing the output uniformity: five azimuthal angle
parameters and the thickness of the LC film. With these six parameters, we optimize for the
uniform output intensity at different angle (i.e., minimize the standard deviation, σ, of output
intensity at different locations.

Figure 47: The dimension (in mm) considered in optimization of 1D EPE.

Figure 48: The work flow for the EPE design.
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The workflow of such process is summarized in Fig. 48. We first create a table of physical
simulation with COMSOL indicating the efficiency and polarization at different incident angle.
Then this information is loaded into Matlab ray-tracing scripts to calculate the polarization and
efficiency change at each incidence considering the TIR, LC film and PVG. This script then
provides the standard deviation of output intensity (σ) and overall efficiency (η). The Matlab
optimization package GODLIKE is then exploited to optimize for lowest σ and η for all angles.
As a comparison, we also perform the same analysis for surface-relief gratings (SRG) with
the same dimension (but without the LC film). The major difference of SRG is that the polarization
selectivity is relatively small comparing to that of a PVG. Therefore, it is required to create gradient
efficiency to achieve uniform output intensity. The output-coupler SRG is divided into five
sections and optimized for the grating efficiency in each section with the same optimization target:
lowest σ and highest η. The result is shown in Fig. 49. As can be seen clearly, the SRG can be
optimized to provide good output uniformity with an σ of 0.44%, and the overall efficiency is 28%.
The PVG provides a comparable result at σ=0.43% and η = 27%. This suggests that with different
approach (gradient efficiency using SRG versus polarization management using PVG), similar
result can be achieved after optimization. Interestingly, for small incident angle ( 3°), the
uniformity of SRG is superior to that of PVG, and yet at 6°, the SRG output became drastically
non-uniform. This indicates a more significant change in uniformity exists for EPEs made through
gradient efficiency.

86

Figure 49: The angular behavior of optical efficiency and S3 of a 2.0-μm (a) planar PVG and (b) a
slanted PVG.

Figure 50: The see-through comparison for optimized (left) SRG and (right) PVG.

A unique difference with the polarization management is that the see-through transmittance
can be significantly enhanced without sacrificing the output uniformity. As a visual reference, we
draw the see-through appearance of the output-coupler region in Fig. 50 with SRG (left) and PVG
(right). As the SRG has changing efficiency, the see-through transmittance decreases over different
sections. The PVG on the other hand, has the same efficiency across the output region as only
polarization control is required.
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7.5 Conclusion
The unique polarization properties of polarization volume gratings based on liquid crystal
helix allows the control of output intensity at each intersection by controlling the polarization state
with a liquid crystal film for compensation. It is therefore possible to generate a uniform intensity
output across desired viewing region without changing the grating thickness. This reduces
complexity in processing and increases the see-through transmittance. We believe this method has
great potential in waveguide-based near-eye displays.
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CHAPTER EIGHT: CONCLUSION
The phase and polarization control of liquid crystal devices are interesting and have
profound applications to real world circumstances. We contribute to this field by studying methods
to provide better polymer-stabilized liquid crystals with composites that lower the hysteresis and
driving voltage. We also proposed an alternative method to generate well-defined polymer network
scaffold by engineering the structure with two-photon polymerization. This allows us to have
higher degree of freedom and we demonstrated a structure with lower scattering, driving voltage
and higher phase modulation comparing to the conventional polymer-network liquid crystals.
For phase modulation based on PancharatnamBerry principle, we demonstrate submillisecond PB lenses that can be integrated with light-field method to generate monocular 3D
images. We also demonstrated the possibility to use this PB gratings to shift display pixels, and
with correct factorization techniques, an enhanced resolution display is presented without
significant change in system complexity.
We demonstrated reflective polarization volume gratings with well-defined Bragg
bandwidth that enables waveguide coupling for near-eye display devices. This is, for the first time,
such a component is presented in the literature. We can use this device as input-coupling and
output-coupling gratings, and therefore generates images overlaying with the real world
environment. The critical engineering issue of distributing the output light is resolved by
controlling the polarization of the light properly with a designed film of liquid crystal. This allows
a new type of augmented reality device to be implemented.
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